Purpose: To assess the clinical and pathologic significance of mast cell infiltration in human pancreatic cancer and evaluate crosstalk between mast cells and cancer cells in vitro.
Pancreatic cancer is currently the fourth leading cause of cancer death in the United States with an overall 5-year survival rate of less than 5% (1) . Chronic inflammation is a major risk factor for the development of this disease and epidemiologic evidence suggests that a history of pancreatitis increases the risk of cancer 14-to 18-fold compared with the general population (2) . Even when inflammation is not recognized prior to the development of pancreatic cancer, there is a marked inflammatory desmoplastic reaction that occurs once the cancer develops, which is considered a hallmark of the disease (3). Nevertheless, the inflammatory microenvironment of pancreatic cancer remains poorly understood.
Mast cells, which have been extensively studied for their orchestration of allergic reactions and autoimmunity, are increasingly recognized as critical components of the tumor stromal microenvironment in a number of human malignancies (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . In many cancers, increased mast cell infiltration has been associated with a worse prognosis (6, 8, (11) (12) (13) (14) , although this correlation has been tumor typedependent (4, 7, 10) . In pancreatic cancer, one study examined the association of mast cells with angiogenesis. The authors reported that mast cell infiltration in pancreatic cancer was associated with an angiogenic phenotype, however, they did not find a correlation with survival and they did not assess the correlation between mast cell infiltration and other pathologic variables such as tumor stage and grade (9) .
To date, the majority of studies on mast cell infiltration in human cancers remain correlative, with minimal investigation of how mast cells induce or inhibit cancer progression. In the present study, we evaluate the clinical and pathologic significance of mast cell infiltration in human pancreatic cancers and establish that high numbers of tumor-infiltrating mast cells are associated with higher grade tumors and decreased survival. Furthermore, we examine the crosstalk between pancreatic cancer cells and mast cells in vitro. Ultimately, we provide evidence that pancreatic cancer cells recruit mast cells to the tumor microenvironment where they induce cancer cell growth and invasion.
Materials and Methods
Patients. Fifty-three patients with pancreatic adenocarcinoma and 10 patients with benign pancreatic pathology (6 intraductal papillary mucinous neoplasms, 3 mucinous cysts, and 1 ampullary adenoma) underwent pancreatic resection at Northwestern Memorial Hospital between 2002 and 2008. Written informed consent was obtained for inclusion of patients into the Institutional Review Boardapproved human pancreatic tumor tissue bank and database. Of the 53 patients with pancreatic adenocarcinoma, 34 underwent a standard Whipple procedure, 8 underwent pylorus-preserving pancreaticoduodenectomy, 10 underwent left pancreatectomy with splenectomy, and 1 underwent total pancreatectomy. Of the 10 patients with benign disease, 7 underwent a pylorus-preserving Whipple and 3 underwent distal pancreatectomy. Patients with adenocarcinoma were staged according to the American Joint Committee on Cancer tumor-node-metastasis staging system and were followed for a median of 18 mo. There were 31 male and 22 female patients (59% and 41%, respectively) with a median age of 65.0 y. Twenty-two patients were stage ≤2A, whereas 31 patients were stage ≥2B. Twentynine patients had grade 3 tumors, 23 patients had grade  2 tumors, and 1 patient had a grade 1 tumor (see Supplementary Table) . Thirty-six serum samples from patients with pancreatic cancer and 10 serum samples from patients with benign pancreatic disease were obtained from the Northwestern University Pathology Core Facility.
Immunohistochemistry. Pancreatic tissue specimens were fixed in 10% formalin, embedded in paraffin, and sectioned at 4 μm for routine histologic evaluation. Following deparaffinization, the slides were heated in a microwave in Dako antigen retrieval solution and then washed in Dako wash buffer. Sections were blocked with 1% bovine serum albumin in PBS for 30 min followed by Dako peroxidase block for 30 min. Primary mouse antihuman tryptase antibody (Neomarkers) was used at a concentration of 1:5,000 for 1 h at room temperature. Sections were then treated with Dako secondary antibody (anti-mouse IgG) horseradish peroxidase-linked (Dako Envision Kit K4008) for 30 min at room temperature and developed with 3,3′-diaminobenzidine reagent for 2 min. Counterstaining was done with Gills-2 hematoxylin. The number of mast cells was counted in 10 random fields per sample at 400× magnification.
Serum tryptase activity. A Chemicon quantitative spectrophotometric mast cell degranulation assay kit that measures tryptase activity was purchased from Millipore and performed according to the instructions of the manufacturer. Thirty-six serum samples from patients with pancreatic cancer and 10 serum samples from patients with benign pancreatic pathology were assessed for tryptase activity.
Cell culture. Human pancreatic ductal adenocarcinoma cell lines, PANC-1 and AsPC1, were purchased from American Type Tissue Culture Collection.Cells were grown in DMEM (Sigma Chemicals), supplemented with 10% heat-inactivated fetal bovine serum (Hyclone), and penicillin and streptomycin (100 μg/mL; Life TechnologiesInvitrogen). The human pancreatic ductal epithelial (HPDE) cell line was generously provided by Dr. MingSound Tsao (Ontario Cancer Institute, Toronto, Ontario, Canada) and cultured in keratinocyte medium with bovine pituitary extract and epidermal growth factor (Life Technologies-Invitrogen; ref. 17) . The human mast cell line, LAD-2, was a generous gift from Dr. Dean Metcalfe at the NIH (Bethesda, MD; ref. 18). LAD-2 cells were cultured in StemPro-34 serum-free medium (Invitrogen) supplemented with penicillin and streptomycin (100 μg/mL) and 100 ng/mL of recombinant human stem cell factor (SCF; Invitrogen).
Preparation of conditioned medium. For the production of conditioned medium, cells were grown to 100% confluency in standard medium. This medium was removed and replaced with serum-free medium for 48 h (pancreatic cancer cells and HPDE cells) or 1 wk (LAD-2 cells). The conditioned medium was removed, filtered, and used for medium transfer experiments.
Mast cell migration assay. The migration was done as detailed previously (19, 20) . Briefly, the upper chamber of an
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8-μm uncoated 12-well Boyden chamber (BD Biosciences) was seeded with 100,000 LAD-2 cells in 500 μL of serum-free medium. The lower chamber was filled with 750 μL of either nonconditioned DMEM (control), HPDE-conditioned DMEM, PANC-1-conditioned DMEM, or AsPC1-conditioned DMEM. After 6 h, the filter inserts were removed and the number of mast cells that migrated was counted using Guava Technologies' ViaCount Assay (Guava Technologies, Inc.). Migration assays were repeated using AsPC1 and PANC-1 conditioned medium with and without SCF neutralizing antibody (PeproTech) at a concentration of 10 μg/mL. All migration assays were done in triplicate and repeated a minimum of three times.
Proliferation assay. PANC-1, AsPC1, and HPDE cells were grown to 50% confluency. The medium was removed and replaced with either mast cell-conditioned medium or nonconditioned control medium. The cells were then grown for 24, 48, and 72 h. DNA synthesis was assayed by adding 0.5 μCi of methyl-[
3 H]thymidine/well and incubating cells for 6 h. The cells were washed with PBS, fixed with 10% trichloroacetic acid, and solubilized by adding 250 μL of 0.4 N NaOH to each well. Radioactivity, indicating the incorporation of methyl [
3 H]thymidine (Amersham) into DNA, was measured by adding scintillation cocktail and counting on a scintillation counter (LKB RackBeta; Wallac). The experiment was done in triplicate and repeated thrice.
Invasion assay. The upper chamber of an 8-μm Matrigelcoated 12-well Boyden chamber (BD Biosciences) was seeded with 100,000 PANC-1, AsPC1, or HPDE cells. The lower chamber was filled with 750 μL of either mast cell-conditioned medium or nonconditioned DMEM. At 48 h, the membrane inserts were removed, fixed, and stained with Diff-Quick (IMEB, Inc.). The number of invading cells was manually counted at 200× magnification in three random areas of the membrane (20) . For the invasion assay with the matrix metalloproteinase (MMP) inhibitor GM6001 (Chemicon), 200,000 AsPC1 cells were seeded in the upper chamber of the Boyden chamber and the lower chamber was filled with either nonconditioned control medium, mast cell-conditioned medium, or mast cell-conditioned medium with 10 μm of GM6001. All invasion assays were done in triplicate and repeated thrice.
Statistical analysis. Data from cell culture experiments were analyzed by ANOVA, followed by Dunnett's multiple comparison test as appropriate for post hoc testing and paired t tests where appropriate. The analyses were done with the Prism software package (GraphPad). Data were expressed by mean ± SEM.
Statistical analysis for the patient data analysis was done with SAS Software (SAS, Inc.). The relationship between mast cell counts and patient characteristics was assessed with Student's t test. Sensitivity analysis was done to identify mast cell count thresholds for patient clustering. Patients were divided into three groups, low (0-8; n = 16), medium (8) (9) (10) (11) (12) (13) ; n = 19), and high (>13; n = 18), and differences in clinical and pathologic variables among these three groups were evaluated with a χ 2 test. The KaplanMeier method was used to estimate the disease-specific survival and recurrence-free survival for the three groups (low, medium, and high mast cell counts). These were compared using a log rank test. For all tests, P < 0.05 values were considered statistically significant. The project was approved by the Institutional Review Board at Northwestern University.
Results
Pancreatic cancer and mast cell infiltration. Because mast cells were identified in the tumor microenvironment of various human malignancies (4-16), we first sought to confirm that mast cells infiltrate human pancreatic adenocarcinoma. A subset of 12 pancreatic cancer patient specimens were immunohistochemically stained with Immunohistochemistry (magnification, ×400) for mast cell-specific tryptase (seen with dark red staining) in normal pancreas from a patient with a benign cystic neoplasm (A), an adjacent histologically normal area of pancreas from a patient with pancreatic adenocarcinoma (B), and pancreatic adenocarcinoma (C). D, tryptase-positive mast cells were counted at 400× magnification in 12 pancreatic cancer specimens and compared with the adjacent normal pancreas and 10 normal areas of pancreas from patients with benign disease. Mast cell infiltration was greater in cancer versus adjacent normal (P < 0.01) and in cancer versus benign normal (P < 0.001). Mast cell infiltration was greater in adjacent normal versus benign normal (P < 0.05). E, serum tryptase activity was measured by a quantitative spectrophotometric assay in 36 patients with pancreatic cancer and compared with 10 patients with benign pancreatic disease (*, P < 0.05; **, P < 0.001).
mast cell-specific tryptase and compared with adjacent normal pancreas as well as 10 histologically normal areas of pancreas from patients that had resection for benign disease (representative immunohistochemistry shown in Fig. 1A-C) . Mast cells were identified in the stroma of all cancers. There was a statistically significant increase in mast cell infiltration in the stroma of pancreatic cancer compared with adjacent normal pancreatic tissue (11.4 ± 6.7 versus 4.5 ± 2.5, P < 0.01) and normal pancreatic tissue from patients with benign disease (11.4 ± 6.7 versus 2.0 ± 1.4, P < 0.001). Furthermore, there was a statistically significant increase in mast cell number in the adjacent normal pancreas compared with normal pancreas from patients with benign disease (4.5 ± 2.5 versus 2.0 + 1.4, P < 0.05; Fig. 1D ).
We next evaluated whether there was a correlation between the number of infiltrating mast cells and various clinical and pathologic factors. Examination of 53 tumors stained with mast cell-specific tryptase showed that there was a statistically significant increase in mast cell number in patients with advanced grade tumors (14.31 ± 5.67 for grade 3 tumors versus 8.97 ± 2.75 for grade 2 tumors, P < 0.001; Table 1 ). There was also a trend towards higher mast cell counts in males versus females (P = 0.10). Age, T stage, presence of lymph node metastases, presence of chronic pancreatitis, and overall stage did not correlate with mast cell number.
Because patients with pancreatic cancer have high numbers of tryptase-positive tumor-infiltrating mast cells, we hypothesized that patients with pancreatic cancer might have an elevated serum tryptase level. Serum tryptase activity was elevated in 36 serum samples of patients with pancreatic cancer compared with 10 serum samples from patients who underwent pancreatic resection for benign disease (P < 0.05; Fig. 1E ), demonstrating that the tumor inflammatory microenvironment may be reflected in the patient's serum.
Mast cell count and prognosis. After establishing that the number of tumor-infiltrating mast cells correlated with tumor grade, we sought to evaluate whether mast cell infiltration correlated with patient survival. Sensitivity analyses for mast cell number and survival resulted in three roughly equal groups of low (<8, n = 16), medium (8-13, n = 19), and high (>13, n = 18) mast cell counts. Kaplan-Meier analysis for recurrence-free survival and disease-specific survival was done comparing patients with low, medium, and high tumor mast cell counts. Median recurrence-free survival was significantly worse in patients with a high mast cell count compared with those with a low mast cell count (8 versus 16 months, P < 0.05; Fig. 2A) . Similarly, median disease-specific survival was also significantly worse in patients with a high mast cell count compared with those with a low mast cell count (12 versus 19 months, P < 0.05; Fig. 2B ). In both survival analyses, there were no statistically significant differences between the low and medium cell count groups. Pancreatic cancer induces mast cell migration. Mast cells are produced in the bone marrow and migrate to peripheral tissues where they exert their effect (21) . Observing that mast cells accumulate in the pancreatic cancer tumor stroma but not in normal pancreatic tissue, we hypothesized that pancreatic cancer epithelial cells secrete mediators to orchestrate mast cell migration. To test this, a phenotypically normal human ductal epithelial cell line, HPDE, a primary pancreatic cancer cell line, PANC-1, and a metastatic pancreatic cancer cell line, AsPC1, were used to produce conditioned serum-free medium. Using an 8-μm uncoated Boyden chamber, conditioned medium from HPDE, PANC-1, and AsPC1 cells was compared with control nonconditioned medium and we showed that the PANC-1 and AsPC1 conditioned medium induced migration of LAD-2 cells whereas the conditioned medium from HPDE cells did not induce LAD-2 migration (P < 0.01; Fig. 3) .
We next sought to identify whether a specific pancreatic cancer cell product was responsible for mast cell migration. Huang et al. showed that SCF is an important factor in mast cell migration to the tumor microenvironment (22) . Therefore, we did mast cell migration assays using conditioned medium from AsPC1 and PANC-1 cells in the presence or absence of 10 μg/mL of anti-SCF neutralizing antibody. We found that inhibition of SCF did not result in a decrease in LAD-2 migration (Fig. 3A) .
Mast cells induce pancreatic cancer cell proliferation and invasion. After establishing that mast cells accumulate in pancreatic cancer in response to secreted cancer cell signals, we evaluated the effect that mast cells had on pancreatic cancer cell proliferation and invasion. Using conditioned medium from LAD-2 cells, we assessed the proliferative effect of conditioned medium compared with nonconditioned medium on HPDE, PANC-1, and AsPC1 cells. There was no statistically significant change in Fig. 2 . Mast cell count and survival. Sensitivity analysis was done to identify mast cell count thresholds for patient clustering. Patients were divided into three groups of low (0-8; n = 16), medium (8-13; n = 19), and high (>13; n = 18). Statistical analysis for the patient data analysis was done with SAS Software (SAS). The Kaplan-Meier method was used to compare the disease-specific survival and recurrence-free survival among the three mast cell count groups (low, medium, and high) using log rank test. Fig. 3 . Mast cell migration assay. LAD-2 cells (100,000) were plated in the upper chamber of an 8-μm uncoated Boyden chamber. The bottom chamber was filled with 750 μL of either control, HPDE-conditioned medium, PANC-1-conditioned medium, AsPC1-conditioned medium, PANC-1-condition medium with SCF neutralizing antibody at 10 μg/mL, or AsPC1-conditioned medium with SCF neutralizing antibody at 10 μg/mL. After 6 h, the number of LAD-2 cells that migrated was counted using Guava Technologies' ViaCount Assay (Guava Technologies) and was reported as the percentage of mast cells. LAD-2 cells migrated in response to (B) nonconditioned control medium, (C) HPDE-conditioned, (D) PANC-1-conditioned, and (E) AsPC1-conditioned medium (*, P < 0.01).
HPDE proliferation with LAD-2-conditioned medium versus nonconditioned medium at 24, 48, or 72 hours (Fig. 4A) . In both PANC-1 and AsPC1 cells following 24, 48, and 72 hours of treatment with LAD-2-conditioned medium, there was a statistically significant increase in proliferation at all three time points (P < 0.01, P < 0.001, P < 0.001, and P < 0.001, P < 0.001, P < 0.01, respectively, for PANC-1 and AsPC1 cells at 24,48, and 72 hours; Fig. 4B and C) . In the AsPC1 proliferation assay, we noted a decrease in thymidine incorporation at 72 hours compared with 48 hours, which may be attributed to contact inhibition.
Because we noted the greatest effect on proliferation in both cancer cell lines at 48 hours, we chose this time point to perform Boyden chamber Matrigel invasion assays. LAD-2-conditioned medium induced a statistically significant increase in Matrigel invasion in both PANC-1 (13.0 ± 1.0 versus 7.3 ± 0.6 cells per 200× high-power field, P < 0.05) and AsPC1 (88.3 ± 11.0 versus 19.7 ± 0.6 cells per 200× high-power field, P < 0.01) cancer cells (Fig. 5) . Of note, the HPDE cells showed no Matrigel invasion at 48 hours with both nonconditioned and LAD-2-conditioned medium.
To evaluate whether the effect of mast cell-conditioned medium on pancreatic cancer cell invasion was MMP-dependent, AsPC1 cells were treated with either control medium, mast cell-conditioned medium, or mast cell-conditioned medium with a broad-spectrum MMP inhibitor, GM6001. We showed that the addition of GM6001 to the mast cell-conditioned medium led to a statistically significant reduction in invasion compared with conditioned medium treatment (51.6 ± 0.8 versus 174.3 ± 22.2 cells per 200× high-power field, P < 0.01; Fig. 5G ). Zymography of the mast cell-conditioned medium did not show the presence of MMP-2 or MMP-9 (data not shown).
Discussion
Pancreatic cancer remains one of the deadliest cancers with a roughly equivalent incidence of disease and mortality (1). One of the universal features of this disease is the dense desmoplastic stromal reaction comprised of epithelial cancer cells, fibroblasts, endothelial cells, extracellular matrix, and inflammatory cells (3, 23) . Further defining the interaction of pancreatic cancer epithelial cells and stromal cells will provide insight into understanding pancreatic cancer tumorigenesis and progression. However, few studies have examined this crosstalk in pancreatic cancer with the majority of work focusing on pancreatic stellate cells (24) . Nevertheless, inflammatory cells are increasingly recognized to play a key role in the tumor microenvironment in many human cancers (25) . Specifically, mast cells have been found to infiltrate a number of human cancers and have been associated with angiogenesis and disease progression (26) . The clinical significance of mast cell infiltration in pancreatic cancer and the crosstalk between mast cells and pancreatic cancer cells was the emphasis of the current study.
Previously, Esposito et al. evaluated patients with pancreatic cancer and showed that mast cell infiltration correlated with increased tumor microvessel density and lymph node metastases (9) . The authors did not find a correlation with mast cell number and patient survival in their cohort, which included patients with metastatic disease. In contrast, although we did not see a correlation between mast cell count and lymph node status, we found a strong positive correlation between increased mast cell count and tumor grade. In addition, we found that a higher mast cell count was associated with decreased recurrence-free and disease-specific survival. Interestingly, there was a strong trend towards increased mast cells in male pancreatic cancer patients compared with female patients. Although the reasons for this finding are unclear, mast cells have been shown to express estrogen receptor and in vitro treatment of mast cells with estrogen resulted in the inhibition of tumor necrosis factor-α release, a major mast cell-derived cytokine and autocrine growth factor (27, 28) . This, in part, may account for the varying levels of mast cell infiltration seen in men and women. In a recent evaluation of the prognostic influence of tumor-infiltrating mast cells in follicular lymphoma, there was also a trend towards higher mast cell counts in males (29) . Given these findings, the association of gender and mast cell count warrants further investigation. Another interesting finding of the present study is that patients with pancreatic cancer had significantly higher serum tryptase activity compared with patients with benign pancreatic pathology. The serum activity assay might be a reflection of the tumor microenvironment and the measurement of serum tryptase activity levels may serve as a means to differentiate benign and malignant pancreatic lesions. However, further studies are needed to assess the sensitivity and specificity of serum tryptase levels for the detection of malignancy.
Because the majority of studies involving mast cells in human cancer remain correlative, we sought to evaluate the mechanisms by which mast cells contribute to a worse prognosis in patients with pancreatic cancer. Our evaluation of human pancreatic cancer specimens showed that mast cells are located in the tumor stroma but not in direct Using an 8 μm Matrigel-coated Boyden chamber, PANC-1 and AsPC1 cancer cells were plated in the upper chamber whereas either mast cell-conditioned medium or unconditioned control medium was placed in the lower chamber. At 48 h, the number of invading cells per 200× field in response to either conditioned medium (C.M.) or nonconditioned (Control) medium were tabulated for (A-C) PANC-1 and (D-F) AsPC1 cells (*, P < 0.05; **, P < 0.01). G, the invasion assay was repeated with AsPC1 cells in the presence or absence of a broad-spectrum MMP inhibitor, GM6001 (**, P < 0.01 for C.M. + GM6001 versus C.M.).
contact with pancreatic cancer epithelial cells. Thus, we hypothesized that mast cells affect cancer cells via secreted signals rather than contact-dependent mechanisms. Our in vitro assays on human mast cells and pancreatic cancer cells were designed to evaluate cellular crosstalk via secreted mediators. We first showed that conditioned medium from two pancreatic cancer cell lines induced mast cell migration. On the contrary, conditioned medium from normal HPDE cells did not induce mast cell migration, indicating that this is an acquired property of the cancer cells. These in vitro findings were consistent with our human data, in which very few mast cells were found in normal pancreatic tissue whereas a dense mast cell infiltration was seen in pancreatic cancer. Our study implicates pancreatic cancer epithelial cells as mediators of mast cell infiltration. Furthermore, unlike a prior report on tumorinfiltrating mast cells (22) , we found that mast cell migration was not SCF-dependent.
We next evaluated the effect of mast cells on pancreatic cancer cells and showed that treatment with mast cellconditioned medium resulted in increased proliferation of both AsPC1 and PANC-1 cells. However, treatment with conditioned medium did not increase HPDE cell proliferation. Furthermore, we found that mast cell-conditioned medium promoted invasion through Matrigel of both pancreatic cancer cell lines. Through the use of a broadspectrum MMP inhibitor, GM6001, we showed that the effect of mast cells on pancreatic cancer cell invasion is, in large part, an MMP-dependent process. Because mast cells have been reported to produce MMPs, we did gel zymography on the mast cell-conditioned medium but did not show the presence of MMP2 or MMP9. Because GM6001 is a broad-spectrum MMP inhibitor, it is possible that it blocked the effects of other MMPs not detected by gel zymography. Alternatively, the mast cell-conditioned medium might induce pancreatic cancer cell MMP production which would also be inhibited by the addition of GM6001.
In conclusion, the current study provides evidence that mast cell infiltration is associated with higher grade tumors and worse survival in patients with pancreatic adenocarcinoma. Our in vitro investigation of the crosstalk between mast cells and pancreatic cancer epithelial cells showed that mast cells could be recruited to the tumor microenvironment by pancreatic cancer cell signaling. Mast cells could subsequently contribute to tumor cell proliferation and invasion in an MMP-dependent manner. Further evaluation of specific mast cell functions that promote the invasiveness of pancreatic cancer are likely to open new possibilities for therapeutic intervention.
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